During the 1980s wage differentials between different age and education groups expanded rapidly. Wage dispersion among individuals with the same age and education also rose. A simple explanation for both sets of facts is that earnings vary with a onedimensional index of skill and that the relative return to higher levels of skill rose over the decade. We explore a simple method for estimating and testing such a 'single-index" model of wages. Our approach integrates three aspects of skill: age, education, and unobserved ability. We find that a one-dimensional skill model provides a reasonably accurate, although oversimplified, description of changes in the structure of wages for white men and women between 1979 and 1989. We then use the estimated models for white women and white men to interpret recent changes in the relative wages of African American workers.
Introduction
it is now a well-established fact that wage inequality in the U.S. labor market grew over the 1980s (see for example Tilly, Bluestone, and Harrison, 1986; Murphy and Welch, 1992; Juhn, Murphy, and Pierce, 1993; Bound and Johnson, 1992) . Wage differentials between younger and older and more-and less-educated workers expanded from the late 1970s to the late 1980s. Wage dispersion among men and women with the same age and education also rose. A simple explanation for all these changes is suggested by the hypothesis that labor market earnings vary with a one-dimensional index of 'skill'. A generic increase in the relative productivity of more highly-skilled workers would be expected to increase wage differentiais between age and education groups, and raise wage inequality within narrowly defined age/education cells. As noted by Juhn, Murphy, and Pierce (1991) , a rise in the skill premium has implications for other measured wage gaps, including race and gender differentials. To the extent that unobserved skill characteristics differ by race or gender, an increase in the relative productivity of more highly skilled workers would be expected to widen the gap between black and white or male and female workers.l
In this paper we propose a simple technique for estimating and testing a "one-dimensional skill' model of changes in the structure of wages. The method is based on comparing means and quantiles of wages for narrowly-defined age and education cells over time. Our approach integrates three alternative dimensions of skill: education, age (or labor market experience), and unobserved ability within age/education categories. We fit a series of models to changes in the wage structure of white workers from 1973 to 1979 and from 1979 to 1989, focusing on the question of how well the data are described by the 'onedimensional skill' hypothesis. Unlike much of the existing literature on changes in wage inequality (e.g., Juhn, Murphy, and Pierce, 1993; Katz and Murphy, 1992) we use a point-in-time measure of hourly wages (rather than a measure derived from total earnings over the previous year), and we include part-time and part-year workers in our analysis. We also devote equal attention to the male and female wage structures.
A one-dimensional skill model provides a reasonably accurate description of changes in the wage structure of white females. Duling the 1980s we estimate that the earnings premium for higher skill increased by 40% among white women. Similar models are somewhat less successful in describing changes in the wage structure of white men. In particular, they cannot fully account 10r the rise in relative earnings of younger college-educated men during the 1980s. Nevertheless, we believe that a one-dimensional skill model provides a useful "firstorder' characterization of the observed changes in the wage structure, of both men and women.
i It should be noted at the outset that although wage differentials within the male and female populations grew over the 1980s, the male-female gap in average hourly earnings closed dramatically: from 38% in 1979 to 28% in 1989 {see Blau and Kahn, 1992 , for a recent analysis). A simple one-dimensional skill model cannot reconcile this change with other changes over the 1980s.
A central prediction of the one-dimensional skill model is that groups of workers with similar wages in any base period will experience similar wage giowth over a subsequent period. In the absence of any race-specific factors, such as changes in discrimination or changes in the relative quality of later cohorts of African American workers, the expected wage growth for a particular group of black workers is thus equal to the actual wage growth of whites with similar initial wages. 2 Comparisons of the wage gains achieved by black men and women during the 1980s with predictions generated by models fit to the white wage structure lead to two substantive conclusions. First, changes in the white wage structure provide surprisingly good forecasts of averaoe wage growth for black workers. Black men's wages grew slightly faster than predicted by the pattern of white wage changes, whereas black women's wages grew slightly slower. Second, there were sizeable relative gains and losses within the black labor force. Wages of older black workers rose faster than predicted by the pattern of white wage changes, while wages of younger black workers fell behind. College-educated black women suffered the largest earnings losses relative to predictions based on the wage growth of white women.
Single-index models of the wage structure
This section outlines the analytic framework we use to model changes in the structure of wages. As motivation for this framework, suppose that aggregate output in period t (Q,) is produced using a linear aggregate of labor inputs (L,) and a vector of other nonlabor inputs (z,): with Q, = o,(L,, z,), L, = ~ exp(Oh,) Nh,, h where Nn, is the number of workers in skill group h in period t and exp(Oht) represents their relative efficiency. In a competitive labor market the relative wages of different skill groups are determined by their relative marginal products. If h = 0 denetes a reference skill group (with 0o, = 0 for all t), then the log wage of any other group in period t (wh,) is wh, = Wo, + Oh,. (1) 2 A one-dimensional skill model suggests comparing workers with similar wages in some base period while a standard regression approach is based on a comparison of (black and white) workers with similar observed characteristics. The approach advocated by Juhn, Murphy, and Pierce (1991) is closer in spirit to the approach followed here. It relies on the assumption that all residual wage variation is due to unobserved ability, that is there is no measurement error.
The conventional human calfital wage equation can be interpreted as a variant of (1), using observed age and education characteristics as proxies for the unobserved skill component Ohm.
Changes in technology that induce proportional increases in the productivity of different skill groups leave the intergroup structure c~f wages unchanged and affect only the intercept in Eq. (1). 3 More generally, however, technological or other changes may lead to an expansion or contraction of the relative productivity differences across groups. 4 A simple assumption is that the relative productivity of a particular group in period s is related to its relative productivity in a base period t by Oh~ =f (O~,) , where f is a strictly increasing function. The assumption that the same productivity transformation affects all skill groups implies that the rank ordering of wages across skill groups is constant over time. We refer to this as a 'single-index' assumption. 5 For example, consider the linear transformation f(O) = flO. Substitution into (1) leads to
which defines a linear mapping between the wage structure in different periods. If fl > 1, then intergroup wage differentials expand uniformly between periods t and s, corresponding to a increase in the 'return to skill'. Nonlinearities in the transformatien function f allow wage differentials to expand or contract at different rates in different parts of the skill distribution. For example, if f is a quadratic function with a positive slope over the support of O:
then the log wage of group h in period s is a quadratic function of the log wage of the group in period t:
Depending on whether f12 is positive or negative, relative productivity differentials expand more or less quickly for more highly-skilled workers. We refer to 3 Welch (1969) proposed a model in which each individual has a fixed stock of human capital and observed earnings are the product of the individual's capital stock and a time-varying 'rental rate' on human capital, in Welch's model exp(0h) is interpretable as the human capital stock of skill group h, and relative wages are constant across groups. ¢ For example, advances in computer technology may lead to larger productivity gains for relatively highly-skilled workers. See Krueger (1993).
s The single-index property is generated by a more general class of models than the one presented here. For example, Sattinger (1980) presents a model with a one-dimensional skill distribution in which workers are matched to jobs of different capital intensity. Sattinger's specification ensures that more highly-skilled workers are employed in capital-intensive jobs in competitive equilibrium. Thus the rank ordering of wages by skill is constant over time.
Eqs. (2) and (3) as linear and quadratic single-index models, respectively. While more general models are possible, the descriptive evidence presented below suggests that the mapping between the structure of wages in different periods is relatively smooth, and well-approximated by a low-order polynomial function.
Application to grouped microdata
If individual skills were fixed over time and if wages were measured without error, then the single-index models specified in Eqs. (2) or (3) could be estimated using repeated wage observations from a conventional panel data set. 6 An alternative estimation strategy that we follow here is to use grouped data drawn from repeated cross-sections. 7 In particular, suppose that individuals are exogenously stratified into J cells. In the empirical analysis below, these cells correspond to narrow intervals of age and education: e.g., 12 years of education and 35-36 years of age. Assume that the observed log wage of individual i in cell j in period t (wijt) consists of two components: a productivity component 0ijt and a random component e~jt reflecting measurement error or labor market errors (contracting, mismeasured productivity, etc.):
where the variance of eiit is assumed to be constant across individuals, groups, and time. We further decompose the productivit) component into a groupspecific mean iLit {reflecting the average productivity of individuals in group j in period t) and a person-specific deviation from the group mean aijt (representing unobserved person-specific productivity factors):
By construction, the mean wage for cell j in period 0 is
Following the discussion in the previous section, suppose that relative productivity differentials are 'stretched" by a function f(O) between a base period 6Card and Lemieux (1994) present estimates based on a conventional panel data set in which the assumptions that skills are fixed over time and that wages are measured without error are relaxed. Heckman and Scheinkman (1987) discuss the estimation of a linear multi-skill model using panel data.
7 Our procedure is a direct application of Malinvaud's (1980, pp. 416-42 I) suggestion to fit a model with errors in variables by grouping the data and fitting the group means. See Deaton 0985) for an extensive discussion of the use of repeated cross-sections as "quasi-panel" data. For our purposes, conventional panel data sets also pose two other difficulties: relatively small sample sizes and sample attrition -especially over a 10-year time interval. 0 and a later period 1. The observed wage in period 1 for an individual with relative productivity 0ij0 in period 0 is Wijl =f(0ijo) + e, ijm.
(5)
Although a given individual is unlikely to appear in cross-sectional samples drawn from periods 0 and 1, if the distribution of inherent productivity characteristics is constant over time, we can compute the mean (or any other sample statistic) for wages in period 1 as/fthe same individuals were represented in the population in both periods. Thus, the mean wage for cell j in period 1 (wjl) can be obtained by taking the expectation of (5):
The mean cell wage in period 1 is related to the mean cell wage in period 0 by w jl =f(wj0) + r j,
where the remainder term r~ is 0 iffis linear or if the variance of unobserved skills is negligible. Otherwise,
which is approximately constant across cells if the within-cell variance of unobserved ability is constant and ill is approximately quadratic, a Under the maintained assumption that relative wages depend on a onedimensional skill index, Eq. (6) suggests a simple and intuitively appealing method for measuring changes in the structure of wages: one simply finds a suitable approximation to the mapping between mean cell wages in different periods. A critical assumption in this procedure is that individuals in a given cell at different points in time are 'exchangeable'. This condition will fail if the relation between skill and the observed cell classifications changes across cohorts. 9 Eq. (6) also suggests a simple test of the one-dimensional skill hypothesis.
Apart from sampling errors, mean cell wages in period 1 are a function of mean cell wages in period 0. Given a functional form assumption, this restriction is readily tested by conventional goodness-of-fit tests.
s The estimates of function fwill generally be biased if any of these two conditions hil. Although it is difficult to predict in which direction the bias could go, we predict the slope of Jwould most likely be overestimated. This prediction is based on a relatively plausible case where Jis quadratic but the within-ce.ll variance of unobserved ability is positively correlated with its mean.
'} For example, women of a given age from earlier cohorts may have lower actual labor market experience than women of the same age from later cohorts.
Models of the within-cell distribution of wages
Under a set of simplifying distributional assumptions, the preceding framework can be extended to model changes in the within-cell distribution of wages over time. The log wage of individua! i in cell j and period 0 (the base period used to define 'skill') is  where pjo is the mean level of skill for cell j, auo represents the earnings component associated with unobserved ability, and Coo represents measurement error or labor market errors. Assume that aoo and e.oo are normally distributed 2 Consider a single-index model in which productivity with variances tr ] and a~. differentials in period 1 are related to differentials in period 0 by a linear transformation with slope ft. Then it can be shown that the qth percentile of wages in thejth cell in period 1 (W~l) is related to the corresponding percentile in the cell in period 0 by
where S j20 2 2 = tTj + Ci~,
~},
and z ~ denotes the qth percentile of a standard normal deviate.
Suppose that the within-cell variance of ability a 2 is constant across cells. In this case R~, the fraction of within-cell wage variation attributable to 'noise" (measurement error or labor market errors), and/i t are both constants. Eq. (7) then implies that the qth quantile of wages in cell j in period I is a linear function of the corresponding cell quantile in period 0, with a quantile-specific intercept that is proportional to z ~. Notice that for the median quantile, z q = 0, implying that changes in mean and median cell wages are identical (as must be true under the normality assumption). Iffl > 1 (i.e., the return to skill has increased), then 6~ is negative for all cells. In this case, the lower quantiles of wages increase by more than the mean or median, whereas the higher quantiles increase by less. This compression reflects the fact that a given increase in the return to skill increases the within-cell standard deviation of wages less than proportionately whenever some fraction of the within-cell dispersion is attributable to noise. Consequently, higher and lower quantiles of the within-cell wage distribution are relatively compressed toward the median.
Eq. (7) is derived under the assumption that the productivity transformation fis linear. More generally, suppose that relative productivities are transformed by a cell-spec!fic linear transformation with slope fl~. Then the qth quantile of wages for cell j in period 1 is related to the qth quantile of wages in period 0 by an equation similar to (7) but with a ceil-specific slope. If flj is approximately a linear function of Win (in other words, if the overall productivity transformation f is approximately quadratic), then
for some constant coefficients (Vo, vl, v2) , where 6~ is defined as in Eq. (7). 1° In this case the cell quantiles in period 1 are approximately a quadratic function of the corresponding cell quantiles in period 0, with quantile-specific intercepts.,
Econometric issues
This section briefly describes the econometric methods used in estimation and testing of the single-index models presented in the previous section. A more complete development is presented in the appendices. According to Eq. (6) the mean log wage for cell j in period 1 is a function of the mean wage for the same cell in period 0, plus an approximation error which we take to be constant across cells. Eq. (8) implies a similar relation between cell quantiles in different periods, with a quantile-specific intercept. There are two main issues in the estimation of these relations: choice of functional form and adjustments for sampling errors in the observed cell means and quantiles. Our chGice of functional form was determined by plotting mean cell wages (and wage quantiles) in one year against the corresponding means (and quantiles) in other years. These plots suggest a smooth function with only a limited degree of curvature. In light of this evidence we restrict our attention to linear and quadratic functional forms.
For a given functional form, the presence of sampling errors in the observed base-period means or cell quantiles induces an errors-in-variables problem in the estimation of Eq. (6) or (8). Assuming that the number of cells is fixed, the sampling variances of the cell means (and quantiles) tend to zero as the overall sample size expands. Consequently, OLS estimates of linear or quadratic versions of (6) or (8) using observed means or quantiles for each cell are consistent. In any particular sample, however, the presence of measurement errors in the base period data can be expected to lead to biased estimates. Following Fuller and Hidiroglou (1978) , it is straightforward to use estimates of the sampling variances of the base-period means or quantiles to construct measurement-error corrected least squares estimates (see Deaton, 1985 , for another application).
In Note that 6j is a function of flj and R~, and will not be strictly constant across cells. 
where ~/j includes three terms:
The first term is the sampling error in the dependent variable, and poses no particular problem for estimation. The second and third terms, however, are functions of the sampling errors in the independent variables, and create a bias in ordinary least squares estimates of the coefficients (a, b, c). Fuller and Hidiroglou (1978) propose a measurement-error corrected estimator that makes use of a priori information on the covariance matrix of the measurement errors of the independent variables. In obvious notation, write the true model as
and denote the observed data by (.P j, :~). Let uj = .~ -x~ represent the sampling error of the independent variables in thejth cell. Suppose that an estimate 2; of E(u~u~) is available. Let Mxx denote the second moments matrix of ~j, and let Mx~. denote the cross-products of .~ and 33j. Fuller and Hidiroglou's (1978) 'measurement-error corrected least squares' estimator is
Under standard conditions, this estimator is consistent and asymptotically normally distributed, t ~ We utilize a weighted version of this estimator, using as weights the fractions of the sample in each cell in a fixed base year (1979) . We show in Appendix I how to compute the covariance matrix of the estimates by adapting the method of White (1980) . When applied to cell means, the corrected estimator requires information on ^ ^2 "2 the joint sampling covariance matrix of W~o and Wjo -Sjo/N~. We use the delta method and estimates of the sampling covariance matrix of ffjo and ,~o to construct the required sampling variances. We follow a similar approach in applying the model to cell quantiles, making use of the assumption of normality to compute the sampling covariance matrix of the various quantiles and their squares. We also develop a goodness-of-fit statistic for the single index model in Appendix 1. The test follows directly from Eq. (9), making use of estimates of the sampling errors of the dependent and independent variables to compute the expected residual variation under the hypothesis of a correct specification.
4.
Single-index models of the wage structure for white men and women
Sample description
Our analysis is based on data from the 1973 , 1974 , 1979 , and 1989 . Since 1979 the CPS has collected earnings information from one-quarter of all currently employed workers in its monthly surveys. A combined sample from the January-December surveys yields approximatdy 150,000 wage observations per year. Prior to 1979 comparable wage data were only collected in the May surveys. We have pooled data from the May 1973 and May 1974 CPS's, yielding a sample of 70,000 wage observations. 12
We include in our samples men and women age 16 to 65 with a valid hourly or weekly wage whose potential labor market experience (age-education-6) is positive, t3 To limit the influence of possible outliers we have deleted all observations with hourly wages below $2.01 or above $60.00 in constant 1989 dollars. In our analyses of changes in the structure of wages between 1979 and 1989, our samples include allocated wage observations for individuals who refuse to answer the CPS questionnaire. 14 This choice is dictated by a coding problem in the publicly-released 1989 data set that makes it impossible to 12May 1974 wage observations were deflated by 8.05% before being pooled with May 1973 observations.
13 Individuals who are paid by the hour report an hourly wage rate. Others report usual weekly earnings and usual weekly hours, which we use to construct an hourly rate. Self-employed workers are excluded from our analysis.
14About 18% of individuals in our 1979 sample have imputed wage data. See Lillard, Smith, and Welch (1986} for a description and ana|ysis of CPS imputation procedures.
identify most individuals with allocated data)5 Prior to 1979 the CPS did not allocate missing wage data in the May Supplement: consequently our 1973 and 1974 samples contain no allocated wage observations.t6 For comparability over time, we fit our models of the change in wage structure from 1973 to 1979 using 1979 samples that exclude allocated wages.
Our wage measures differ from the measures used in other recent studies of wage inequality (e.g., Katz and Murphy, 1992; Juhn, Murphy, and Pierce, 1993) in several respects. Most importantly, our data represent usual hourly earnings for the respondent's main job last week. This measure approximates a standardized price of an hour of labor, and is less likely to be affected by overtime, dual-job-holding, or other short-run labor supply behavior than a wage measure derived from annual earnings and annual hours data. A second difference is the implicit weight accorded to workers with different levels of labor force attachment. A sample of wages for individuals who held a job last week (the sample frame for our data sets) will tend to under-represent workers with intermittent employment histories relative to a sample of wages for individuals who held a job at some time in the previous year.
To investigate the differences associated with the alternative data sources we compared average hourly earnings from our 1979 and 1989 samples to average hourly earnings computed from retrospective earnings and hours data in the March 1980 and March 1990 Current Population Surveys. We used the March survey questions on annual earnings, weeks per year, and usual hours per week to compute the log of average hourly earnings for individuals who reported positive earnings and positive hours in the previous year. We then constructed three average wage measures: a simple average (weighted by CPS sampling weights), a 'weeks-weighted' average (with weight equal to the number of weeks worked last year times the CPS sample weight), 17 and an average wage for 'full-time full-year' workers)a The various averages are summarized in Appendix 4. Contrary to our expectations, mean log wages in the March CPS tend to is This problem was confirmed in personal communications with Greg Whelan of the CPS Branch of the U.S. Bureau of Census. See also Devine (1993) for a careful analysis of the effects of this problem for the measurement of self-employment income.
i ~, Prior to ! 979 the CPS did allocate missing earnings in the March CPS but did not allocate missing wage data in the May CPS. This was confirmed in personal communications with Greg Whelan of the CPS Branch of the U.S. Bureau of Census. Thus, the changes in imputation procedures documented in Lillard, Smith, and Welch (1986) are not relevant for this paper. 7 in principle, weighting by weeks worked last year should adjust the March CPS data to a sample frame of individuals who were employed last week.
s Many recent studies of wage dispersion concentrate on full-time full-year workers (e.g., Pierce and Welch, 1992) . In part, this choice is dictated by the absence of accurate annual hours information in March CPS surveys before 1976. be as high or even higher than mean log wages in our samples. The weeksweighted average and the average for full-time full-year workers are higher still. Average black-white wage differentials in 1979 and 1989 are similar using any of the alternative wage measures, although our wage data show a slight decline in black-white relative wages over the 1980s whereas the March data show no significant trend for either men or women.
Initial data description
Tables la and lb begin our data analysis by presenting some simple evidence on recent changes in wage differentials among white men (Table la) and white women (Table 1 b ). Rows 1 a-lc of each table show estimated wage differentials between 46-55-and 26-35-year-old workers at three different levels of education. Rows 2a-2d show wage gaps between similarly-aged workers with different levels of education. Finally, rows 3a-3d present the estimated standard deviations ef log wages in four narrowly defined age/education cells. Among less-educated workers, wage differentials by age were roughly constant in the late 1970s and expanded in the 1980s. Among college-educated men and women, age differentials were also constant or slightly declining in the 1970s, but declined in the 1980s. Wage differentials by education tended to contract in the 1970s and expand in the 1980s. The rise in the college/high school wage gap for younger men during the 1980s is especially noteworthy. Among workers with similar age and education, the dispersion of wages fell slightly from 1973-74 to 1979 and then expanded by 10-15% during the 1980S. 19 It is clear from Tables la and lb that age-and education-based wage differentials have not expanded uniformly over the past decade -nor did they decline uniformly in the 1970s. Most wage differentials expanded between 1979 and 1989. However, the extraordinary rise in the relative earnings of younger college-educated men led to a reduction in the age differential for collegeeducated men. Among women, the expansion of wage differentials by age and education is more uniform, although the age premium for college-educated women also declined in the 1980s. ~9 The pattern of constant or slightly declining wage dispersion within age/education groups over the 1973/74 -1979 period holds more generally for the entire sample we use in the subsequent analysis. For men, the mean within-cell standard deviation of wages {across all cells) fell from 0.395 to 0.387. For women, the mean within-cell standard deviation fell from 0.365 to 0.351. These trends are inconsistent with the rising trend in residual wage inequality reported in Juhn, Mmphy, and Pierce {1993). We are uncertain of tile sources of the difference. 
Single-index results for mean wages
To implement the estimation methods described in Sections 2 and 3 we divided wage earners between the ages of 16 and 65 into 225 individual age and education cells. The cells are based on single years of education (with ~< 8 years in the lowest cell and >/18 years in the highest cell) and 1-, 2-, or 3-year age ranges (single-year age ranges for ages up to 23, 2-year age ranges for ages 24 to 43, and 3-year age ranges for ages 44 and older). We then computed the mean, median, 25th percentile, and 75th percentile of log wages in each cell. The data in Fig. 1 suggest two important conclusions. First, the basic insight of a single-index model -that age-education cells with similar initial wages tend to have similar wage growth -is confirmed. Second, the relationship between mean log wages in one year and another is relatively smooth and in fact close to linear. Table 2 presents coefficient estimates and goodness-of-fit statistics for a series of single-index models of male and female wages. All the models are estimated by measurement-error-corrected least squares, using mean cell wages for 225 age/education cells. 21 Columns 1 and 4 present linear single-index models, while columns 2 and 5 present quadratic models. As suggested by the plots in Fig. 1 
Dependent variable is mean log wage in age-education cell in final year (1979 in columns 1-3; 1989 in columns 4-6). Cells are weighted by weighted count of workers in age-education cell in 1979. Estimation method is corrected least squares -see text.
- The plot of men's wages (in the upper panel of Fig. 2) shows that collegeeducated men near the middle of the wage distribution (i.e., younger college graduates) had much faster wage growth than predicted by tile single-index model. By comparison, the wage growth of older college-educated men (whose wages are near the top of wage distribution) is more consistent with the pattern for other education groups. Cells of college-educated women also stand out in the lower panel of Fig. 2 . The plot suggests that wages of older female college graduates grew too slowly over the 1980s, relative to patterns for other skill groups.
In addition to comparing overall goodness-of-fit measures, another way to test the single-index specification is to add regressors representing the levels of age or education in the cell. If the single-index hypothesis is correct, mean wages in the base year are a sufficient statistic for mean wages in the ending year. Controlling for base-period wages, age or education should not help predict end-period wages. Columns 3 and 6 of Table 2 present single-index models that include mean years of education as an additional predictor of wage growth. The models in column 3 show small but marginally significant and negative education coefficients for men and women -confirming that wages of better-educated workers grew more slowly over the 1970s than would be predicted on the basis of their 1973-74 wage levels. The models in column 6 point to differing conclusions for men and women. For women, education has no significant predictive Rower, controlling for 1979 wages. For men, cells with higher educatmn had slgmficantly higher wages in 1989, controlling for wages in 1979. As suggested in Fig. 2 , a single-index model cannot fully account for the rise in earnings of college-educated men over the 1980s.
Single-index models for cell quantiles
Further evidence on the fit of single-index models for mean cell wages is presented below. Before turning to this evidence, however, we discuss the results of fitting similar models to the wage quantiles of men and women between 1979 and 1989. Following Eq. (8), we assume that the 25th percentile, median, or 75th percentile of wages for a particular cell in 1989 is a linear or quadratic function of the corresponding wage quantile in 1979. In the estimation we therefore fit models for 675 cell quantiles (three quantiles for each of 225 cells). Our measurement-error-corrected least-squares estimator makes no allowance for correlations between the three observed quantiles from each cell, although the estimated standard errors and goodness-of-fit statistics take account of these correlations (see Appendix 1).
Estimation results are presented in Table 3 . The linear single-index models in columns I and 4 are estimated with quantile-specific slope interactions (see rows 8 and 9), whereas the linear models in columns 2 and 5 and the quadratic models in columns 3 and 6 are restricted to have common slope parameters. The models for women also include dummy variables indicating whether the 25th percentile of wages in either 1979 or 1989 is at or below the minimum wage for the particular year. These dummies were added after inspection of the data (see below) suggested that the lower tail of the female wage distribution in 1979 was compressed by the high level of the minimum wage in that year.
Maintaining a set of restrictive assumptions (including linearity of the skill transformation and normality of the within-cell wage distribution) Eq. (7) Assuming that the quantiles share a common slope parameter and that the within-cell dispersion of wages is constant across cells, Eq. (7) implies that the quantile-specific intercept of the pooled single-index model is
, where s is the standard deviation of wages within cells (in the base period), fl is the slope coefficient of the single-index model, and R is the fraction of within-cell variation attributable to measurement error or labor market errors. Since fl > 1, this expression predicts a larger intercept for lower quantiles -a prediction that is confirmed by the quantiiespecific intercepts in columns 2 and 4. 2s Using estimates offl and s it is possible to derive an estimate of R from the quantile-specific intercepts. Assuming that s ~ 0.40 and fl = i.2, the estimated intercepts in column 2 of Table 3 imply R ~ 0.57 for men. Assuming that s ~ 0.35 and fl = 1.36, the estimates in column 5 imply R ~ 0.55 for women. Thus the relative shifts in higher and lower quantiles of wages between 1979 and 1989 suggest that 40-50% of within-cell wage variation is attributable to unobserved skill, while the remainder is attributable to measurement error or labor market errors. Fig. 3 presents plots of the 25th and 75th percentiles of wages in 1989 against the corresponding quantiles in 1979. For reference, we have also plotted the fitted linear models for the means of wages. The plots illustrate the basic conclusions from Table 3 . Higher and lower quantiles of wages follow roughly parallel models, with more rapid wage growth for lower quantiles. Furthermore, after allowing for an intercept shift, a single-index model fit to mean wages yields a relatively good prediction of wage growth for the 25th and 75th percentiles of wages.
The data in the lower panel of Fig. 3 also illustrate the effect of the minimum wage on the dispersion of wages for younger and less-educated women in 1979. Thirty-seven cells have the 25th percentile of wages equal to the minimum wage (1.06 in logarithms) in 1979. These cells are clustered in the lower tail of the 25th percentile plot. During the 1980s the real value of the minimum wage eroded. Consequently, only a handful of cells had 25% or more of workers at or below the minimum in 1989. Table 4 summarizes the prediction errors generated by our single-index models of the 1989 wage structure, conditional on the 1979 wage structure. The entries in the table are weighted averages of cell-specific prediction errors from the quadratic single-index models for the means and quantiles of wages in Tables 2 and 3 . Examination of the mean prediction errors suggests that our models are relatively successful in describing the changes in age-related wage differentials over the 1980s. Among men there is some overprediction of wages for 36-46-year olds and underprediction of wages for 56-65-year olds. Among women, the wages of 36-46-year olds are slightly underpredicted. The signs and magnitudes of the prediction errors for the wage quartiles tend to be very similar to the corresponding prediction errors for the means.
Predicted and actual wage growth over the 1980s
Our models are also relatively successful in describing the changes in education-based wage differentials for women over the 1980s. For men, however, the mean prediction errors by education category are larger and more systematic. The quadratic single-index model overpredicts wages of men with 12 years of education and substantially underpredicts wages for male college graduates. This pattern is also evident in the prediction errors for the 25th and 75th percentiles of wages.
A closer examination of the prediction errors within the college graduate group (in the bottom panel of the table) confirms the visual impression in Fig. 2 . Our model significantly underpredicts the wage gains of young college-educated men over the 1980s. The model provides a better description of mean wage growth for older college graduates, but it cannot account for the relative closing of the interquartile range of wages among 'prime-age" (age 36-55) male college graduates. Similarly, although our models yield relatively accurate predictions for the means and quantiles of wages for all college-educated women, within narrower age ranges the model does less well. As suggested by the evidence in Table 1 b, younger female college graduates gained while older ones lost.
One obvious explanation for the inability of our models to predict the patterns of wage growth within age and education categories is that wages actually depend on several dimensions of skill, rather than a single index. Murphy and Welch (1992) find that the structure of wages in the U.S. is better described by a linear two-skills model than by a linear single-index model. The estimated education coefficients in Table 2 suggest that the addition of a second skill index based on education would improve the fit of our models to the 1979-89 data.
To formally test the linear single-index specification against a more general two-index model, we fit the following equation by measurement error corrected least squares:
where P i, vj79 is the predicted mean wage for cell j in 1979 from a linear singleindex model of the 1973-79 wage data. This specification tests for the presence of a cell-specific effect that is serially correlated {either negatively or positively) over time. We show in Appendix 3 that a t-test for the estimated coefficient c is These estimates suggest that the addition of a second index does not improve the fit of the linear single-index model at conventional significance levels, although it comes close in the case of men. Interestingly, we obtain a more dramatic improvement in the fit of our models by considering a quadratic single-index model than by considering a linear two-index model. To summarize, it is clear that a single-index model is far too simple to account for all changes in the wage structure for white men and women. Finding a parsimonious model that provides an accurate description of changes in the structure of wages remains open for future research. On the other hand, the single-index assumption is an accurate first-order approximation since wages for groups of workers with similar average wages in a base period tend to move together over time. Under the single-index assumption, our framework provides a simple and intuitively appealing method for evaluating changes in wages of a target group (e.g., blacks) relative to a reference group (e.g., whites). An appropriate 'counterfactual' for the target group is obtained by measuring the wage growth for individuals in the reference group with the same base-period wages (or wage quantiles) as the target group. 26 A single-index wage structure is necessary and sufficient to justify such an approach.
Changes in black-white wage differentials
We turn to the second objective of this paper, which is to analyze changes in wages for black men and women over the 1980s in light of the changing structure of wages for whites. As a point of departure we present in Table 5 a set of 'conventional' estimates of the black-white wage gap, using our 1973/74, 1979, and 1989 CPS samples. These are derived from OLS regression models that include a linear education term, a quartic expression in potential experience, eight region dummies, and an indicator for Hispanic ethnicity, as well as a black race indicator or interactions of a race dummy with indicators for different age/education classes. 27
Row 1 of Table 5 presents unadjusted differences in mean log wages for black and white workers over our 15-year sample period. As previous researchers have 26Our framework suggests that it is inappropriate to compare the growth rates for different quantiles of the target group and the reference group {e.g., median wages of the target group versus the 25th percentile of wages for the reference group) unless wages are measured without error.
27 We include as blacks only those individuals who report their race as 'black'. Results for models that pool "blacks" and 'other races" are very similar. Entries represent estimated differentials in log hourly wages between black and white workers. Adjusted gaps and gaps by age and education represent estimated coefficients of a black indicator variable (or the interaction of a black indicator with age or education indicators) in a linear regression model than includes linear education and quartic experience terms, eight regional dummies, and an Hispanic indicator. Standard errors (in parentheses) take account of the sampling variance of the estimated parameters and of cell wages.
noted (see Bound and Freeman, 1992 , for example), the black-white wage gap for men closed slightly between the mid-and late-1970s, then re-opened in the 1980s. The black-white wage gap for women followed a parallel course. Time series patterns of regression-adjusted wage gaps (in row 2) are roughly similar, although the adjusted gaps are smaller in magnitude. 2s
Comparisons of levels and changes in the wage gaps by age and education show considerable diversity within the black labor force. Wage gaps for black men and women aged 26-35 expanded significantly over the 1980s (growing by 7% for men and 10% for women), while gaps for older men and women were stable. Wage gaps for better-educated blacks also grew more, while the gaps for male and female dropouts were stable. The trend in the wage gap for collegeeducated women is especially strong: black col.lege-educated women had wages well above their white counterparts in the mid-1970s but saw sharp relative declines over the late 1976s and early 1980s.
How do changes in the ol;erall black relative wage gap during the 1980s compare with predictions based on the changing structure of white wages? The answer is presented in Table 6 , where we report a simple decomposition of black wage of one race/sex group in period t (t = 1979 or 1989), let wit represent the mean log wage for the particular group in age/education cell j in period t, and let nit represent the fraction of the group in cell j in period t. Finally, let p wja9 represent the predicted mean log wage for cell j in 1989 based on the quadratic single-index model for whites and 1979 wages in cell j. Then
The first term in this decomposition represents an average of cell-specific predicted growth rates based on the single-index model for whites. The second is a weighted average of cell-specific prediction errors. The last term is a distributional effect reflecting changes in the relative fractions of workers in specific age/education cells between 1979 and 1989. The decompositions in Table 6 lead to slightly different conclusions for men and women. As noted by Juhn, Murphy, and Pierce (1991) , widening wage inequality in the 1980s would be expected to lead to a decline in black men's relative wages. Our estimate (in row 1 of Table 6) is that changes in the structure of white wages contributed to a 5.3% fall in the relative wages of black men. Relative changes in demographic structure (including the retirement of older cohorts of less-educated blacks) and slightly better-than-~xpected wage growth within age and education cells offset this shift, resulting in a net 3.5% relative decline in black wages over the decade.
2a Blau and Belier (1992) report similar findings using the March CPS. Standard errors (in parentheses) take account of the sampling variances of the estimated parameters and of mean cell wages. Predictions are based on quadratic single-index models fit to whites only.
"Weighted average of difference between predicted mean log wage for cell in 1989 and actual mean log wage of cell in 1979.
b Weighted average of difference between actual mean log wage for cell in 1989 and predicted mean log wage of cell based on single-index model. For black women, our models suggest that widening wage inequality led to a small decline in relative wages (-2.0%). Even though wage inequality expanded more for women than men over the 1980s, black women are closer to the middle of the female wage distribution than black men are to the middle of the male wage distribution. A generic increase in wage inequality thus has a smaller relative impact on black women than black men. Within age and education cells black women's wages grew more slowly (-1.8%) than predicted by the changes in the white wage structure. However, relative improvements in the education distribution of black women contributed to a modest (0.6%) closing of the black-white gap over the decade. On net, black women's relative wages fell by about the same percentage as black men's relative wages over the 1980s. 29 This overall assessment masks substantial relative gains and losses within the black labor force. Columns (1) and (3) of Table 7 present mean prediction errors of black wages in 1989 by age and education group. Columns (2) and (4) compute the relative prediction errors of blacks and whites in the same subgroups. If the single-index model provided a 'perfect fit' to the white wage distribution, the white prediction errors would be negligible and the relative prediction errors would simply equal the black prediction errors (as is the case for all workers in row 1). Since the single-index model is imperfect, some fraction of the relative prediction error in specific age or education categories arises from the under-or overprediction of white wages.
Examination of the patterns of relative and race-specific prediction errors by age suggests that older black workers enjoyed substantial gains over the 1980s, while younger black workers lost ground. This is an interesting finding because several of the conventional explanations for black relative wage gains in the 1960s and 1970s (such as improved school quality) imply continued gains in the 1980s for the oldest groups of workers. Evidence in Card and Krueger (1992) suggests that black relative school quality improved more or less continuously from 1900 to the early 1950s. This improvement should have led to wage gains for older blacks during the 1980s, as individuals born before 1935 retired and were replaced by younger cohorts. The positive prediction errors for black men and women over age 46 lends some support to this story, a° Analysis of the prediction errors by education reveals that poorly-educated black men and women did better than expected over the 1980s, given the patterns of white wage changes. Wage growth for better-educated black men was about equal to predictions based on the white wage structure. The substantial positive prediction errors for white male college graduates however, imply that the relative prediction errors for college-educated black men are negative. Wage growth for better-educated black women was about 5% slower than predicted given patterns for white female wages.
A closer examination of the college subgroup shows a 19% relative loss for young male college graduates, equally attributable to the overprediction of black wages and the underpredictior of white wages, a! By comparison, wages of older college-educated black men actually grew 8-10% faster than predicted by changes in the white wage structure. The sharp distinction by age in the relative wage performance of black male college graduates is absent for black females.
~°A similar story might have been expected to apply between 1973/4 and 1979. However, the prediction errors generated by our single-index models of the white wage structure over this period are slightly negative for older men (-2.5% for men age 47-55; -2.9% for men age 56-65). The prediction errors for older black women are positive but relatively small. ~1 Note that college graduates age 22-25 are included in the overall college group but not shown separately by age. Entries are average prediction errors of cell means for blacks (columns 1 and 3) or differences in average prediction errors of cell means between blacks and whites (columns 2 and 4). Standard errors (in parentheses) take account of the sampling variance of the estimated parameters and of mean cell wages.
Across the age spectrum, wages for black female college graduates grew more slowly than predicted, with the largest shortfall for the oldest group. Table 8 concludes our data analysis with an examination of the prediction errors for the wages of young black workers. Our models of the white wage structure lead to overpredictions of 1989 wages for young black women at all education levels -both in absolute terms and relative to white women in the same age-education groups. In contrast, our models underpredict the wages of less-educated black men and overpredict the wages of better-educated young black men.
As noted b3 ' Bound and Freeman (1992) , it is hard to find a unifying explanation for the relative w~ge changes of particular subgroups of black workers over the 1980s. Hypotheses based on relative changes in school quality for black and white students (emphasized by Juhn, Murphy, and Pierce, 1991) would seem to imply parallel changes for men and women. At the broadest level the age patterns of relative wage changes are similar for men and women: older black workers of both sexes enjoyed relative wage gains, while wages of younger blacks followed the trends predicted by the changing structure of white wages. Disaggregating by age and education, however, our analysis reveals relative wage declines for younger better-educated black men, and across the board declines for younger black women. One potentially surprising conclusion is that wages of young black men with 12 or fewer years of education have not fallen faster than predicted by overall wage patterns for whites.
We have also computed prediction errors for the 25th, 50th, and 75th percentiles of black wages, and relative prediction errors between black and white workers at various quantiles of wages. For the most part, the patterns of the prediction errors for the wage quartiles are similar to the patterns for mean wages. The most obvious differences emerge for college-educated men. Compared to the relative prediction error for mean wages of male college graduates (-5.9%) the relative error for the 25th percentile is more negative (-12.9%), while the relative error for the 75th percentile is less negative (-1.5%). This, 'tilting' (which also appears within age subgroups of the white male college graduate population) suggests that the dispersion in wages for black college graduates widened substantially in the 1980s.
In summary, our analysis of black relative wage changes over the 1980s points to four main conclusions. First, relative to predictions based on the white wage structure, older black men and women enjoyed 8-10% relative wage gains. These are similar in magnitude to the relative wage gains of black men in the 1960s and 1970s (see Smith and Welch, 1989; Card and Krueger, 1992) . Second, younger black men and women, particularly the better-educated, suffered wage losses relative to predictions from the white wage structure. 32 Third, wage a, Using a methodology similar to the one of Juhn, Murphy, and Pierce (1991) , Rogers (1993) also finds that young black men suffered wage losses relative to whites. Entries are average prediction errors of cell means for blacks (columns 1 and 3) or differences in average prediction errors of coil means between blacks and whites (columns 2 and 4). Standard errors (in parentheses) take account of the sampling variance of the estimated parameters and of cell wages.
growth for college-educated black wome~l fell significantly behind predicted growth rates based on comparable whites. Finally, declines in real wages for less-educated black men over the 1980s were consistent with overall wage patterns for less-skilled white workers.
Conclusions
We have proposed a simple technique for estimating and testing a onedimensional skill model of the wage structure. The method compares means and/or quantiles of wages within specific age and education cells over time. Although a single-skill model is too simple, it provides a good first-order approximation of changes in the structure of log hourly earnings for white men and women from the mid-1970s to the late 1980s. Within this framework, we find that the return to skill for women rose by 40% over the 1980s. For men, the rise was smaller -approximately 25% -and slightly faster for more highly skilled workers. Our estimates suggest that 40-50% of residual wage variation within age and education cells can be attributed to unobserved skill factors whose market value rose over the 1980s.
We use estimated models of the changing white wage structure to analyze changes in black-white relative wages from 1979 to 1989. The trend toward widening wage inequality would have been expected to lower black men's relative wages by some five percentage points during the 1980s. Improvements in the relative education distribution of blacks and a small gain in black wages relative to the white benchmark offset some of this loss. Rising wage inequality would have been expected to lead to a two percentage point loss in relative wages for black women over the 1980s. Unlike men, black women's relative wages fell short of the white benchmark, accentuating the relative decline in their earnings.
There were also significant relative losses and gains within the black labor force. Our estimates suggest that the wages of older black men and women grew 8-12% relative to whites during the 1980s. On the other hand, young collegeeducated black men anti college-educated black women in all age groups had wage declines of 5-10% relative to predictions generated by our models of the white wage structure.
Appendix 1

Consistent estimation of regression models with measurement error of a known (estimated) form
In this appendix, we first derive the asymptotic covariance matrix of the measurement-error-corrected estimator [Eq. (10) in the text]. We then present a goodness-of-fit test and extend the model to the case where -,age percentiles (instead of means) are analyzed. measurement error in A?/xx is thus given by
The 'measurement-error-corrected least-squares' estimator of Fuller and Hidiroglou (1978) is given by Under standard regularity conditions, it is easily shown that 1M~x'WM~x') ,
and where r/j = ~ -ujTt (~ is the sampling error in )~j). A consistent estimate of W is obtained using the method of White (1980) :
where ~i = Yi -x~. Note that a consistent estimate of W can also be obtained when the error term qi is correlated across obse~vations. This situation occurs, for example, when several wage quantiles from the same age-education cell are used in the analysis. The consistent estimation of W in this special case is discussed in detail in Appendix 2. Given a consistent estimate I,~'of W, a consistent estimate of the covariance matrix of ~ is given by the following expression:
Finally, an additional variance component could be included to take account of the sampling variability of the estimate ~ of the covariance matrix Vj. The first covariance term in Eq. (A.2) is equal to zero since (by assumption) e~ and uj are uncorrelated. We also ignore the two other covariance terms in calculating the variance of the residuals) 3 The variance of x~(~ -n) can be estimated using the delta method,
The variance of qi can thus be rewritten as var(~j) = var(~j) + ~r~' + ~ var(~ -r0~).
Similarly, the covariance between ~ and ~k is given by cov(~j, qk) = ~" var(~ --rr). ~j. Under the null hypothesis that the model is well-specified, the goodness of fit statistic G is asymptotically distributed as chi-squared with K -3 degrees of freedom:
where C?-is a generalized inverse of the estimated covariance matrix C.
33 Empirically, incorporating the variance of r~ and its covariance with the error components ~ and uj in the calculations of the goodness-of-fit statistics has a negligible effect for samples of the size we are using in this study.
A.I.3. Model for wage percentiles
The model for wage percentiles is the following: 34The proof of this result is contained in an appendix available on request.
An unbiased estimate of W~o is the estimated quantile W~o, while an unbiased estimate of(w~o) 2 is (~o) 2 (1/N~o) q ^2 --k • Sio. These unbiased estimates can then be used to form an unbiased estimate ~q ofx~. A consistent estimate of~ is again given by = t~xx -£)-l~x.
where the average cross-products are now averaged over both quantiles q and cells j: 
Estimation of the measurement error variance
In this appendix, we discuss the estimation of the variances of the sampling errors e~ and u i for models of cell means or quantiles.
A.2.1. Model for cell means
As mentioned in the text, changes in the structure ofwages are summarized by the following quadratic model: Under the null hypothesis that the single-index model is well-specified, the relative price 71.J72,, of the skills must remain constant over time. This condition is necessary and sufficient for the two skills to aggregate in a single skill. Furthermore, the coefficient c is equal to 0 whenever this condition is satisfied. A t-test of the measurement-error-corrected least-squares estimate of c is thus a specification test for the single-skill model against the two-skills model. The measurement-error correction used is similar to the procedure described in Appendices 1 and 2. a Weighted average of log wage rates, using weeks worked last year as a weight.
Appendix 4
b Based on fuU-time fuU-year workers only.
